Introduction
============

For years, chemotherapy has been regarded as the standard systemic therapy for a variety of malignancies.[@b1-ijn-11-6251],[@b2-ijn-11-6251] The platinum-based anticancer drug cisplatin is clinically used to treat a wide variety of cancers, including testicular, ovarian, bladder, and non-small-cell lung cancer.[@b3-ijn-11-6251],[@b4-ijn-11-6251] The mechanism by which this classical platinum drug elicits an anticancer effect is through the formation of DNA adducts that interfere with the DNA-replication process, leading to cell death.[@b3-ijn-11-6251],[@b4-ijn-11-6251] Despite the extensive application of cisplatin in oncology, there are various side effects that restrict its use.[@b5-ijn-11-6251]--[@b7-ijn-11-6251] When cisplatin is transported through the bloodstream, a percentage of the drug is lost, due to its interaction with proteins and other side reactions, which induces undesirable side effects, such as anemia, vomiting, nausea, and kidney damage.[@b8-ijn-11-6251],[@b9-ijn-11-6251] Additionally, some types of cancer can develop resistance after several treatments, affecting the final outcome of this anticancer agent.[@b10-ijn-11-6251] Platinum(IV) prodrugs, which release cisplatin upon reduction, have been explored as promising alternatives to overcome these challenges.[@b4-ijn-11-6251],[@b9-ijn-11-6251],[@b11-ijn-11-6251],[@b12-ijn-11-6251] The physicochemical and biological properties of platinum(IV) prodrugs differ significantly from those of their platinum(II) counterparts. For example, the saturated, kinetically more inert coordination sphere of platinum(IV) is more resistant to ligand-substitution reactions, thus minimizing unwanted side reactions with biomolecules prior to DNA binding. In addition, the two extra ligands provide a means to impart and fine-tune desired biological properties, such as lipophilicity, redox stability, cancer-cell targeting, and improved cellular uptake. Moreover, the additional ligands also facilitate the attachment to nanoparticles and other carrier systems.[@b4-ijn-11-6251] Although platinum(IV) complexes can platinate DNA in their oxidized form, the formation of cytotoxic lesions by ligand substitution occurs in a matter of weeks. The reduction of the platinum(IV) center to platinum(II), through the loss of two ligands, is thought to be essential for the anticancer activity of these agents.[@b4-ijn-11-6251]

One of the important advantages of platinum(IV) prodrugs is their ability to be easily incorporated into drug-delivery devices, in particular those with nanoscale dimensions.[@b4-ijn-11-6251],[@b8-ijn-11-6251] Several platforms have been used to incorporate cisplatin or other platinum-based drugs, such as carbon-based materials, coordination polymers, metal--organic frameworks, polymeric micelles, and proteins.[@b4-ijn-11-6251],[@b13-ijn-11-6251]--[@b17-ijn-11-6251] Some of these platinum drug-delivery systems are already being administered, while others are being tested in clinical trials.[@b4-ijn-11-6251]

Inorganic nanoparticles, such as gold, polysilsesquioxane, upconversion, mesoporous silica, and silica nanoparticles have been used for the transport and delivery of platinum(IV) prodrugs.[@b4-ijn-11-6251],[@b18-ijn-11-6251]--[@b22-ijn-11-6251] Mesoporous silica nanoparticles (MSNs) have gained significant interest, because of their biocompatibility, ability to carry large payloads, and ease of functionalization with targeting molecules.[@b23-ijn-11-6251]--[@b27-ijn-11-6251] A wide variety of approaches have been developed using MSNs as nanocarriers for delivering different types of platinum(IV) prodrugs, but the cisplatin(IV) prodrug has been the most popular anticancer drug.[@b20-ijn-11-6251] Gu et al reported on MSN-based systems for the efficient delivery of cisplatin.[@b28-ijn-11-6251]--[@b30-ijn-11-6251] The authors selectively grafted a high density of carboxylic acid groups, which were used to complex to cisplatin, onto the surfaces of the MSNs. This approach increased drug-loading efficiency and greatly enhanced growth-inhibition effects against the MCF7, HeLa, and A549 cancer cell lines. In a different study, a fluorescent MSN-based cisplatin(IV) prodrug-delivery system was developed and tested in vitro.[@b31-ijn-11-6251] This platform took advantage of the reductive environment of cancer cells to release the active cisplatin. This delivery system not only demonstrated enhanced cellular uptake but also showed significant drug effect. The use of combination therapy using MSNs as carriers to deliver cisplatin with other therapeutic agents has recently been explored.[@b32-ijn-11-6251]--[@b35-ijn-11-6251] Munaweera et al demonstrated that the co-delivery of nitric oxide and cisplatin improved the treatment of non-small cell lung cancer cells.[@b33-ijn-11-6251] All these results indicated that the cellular uptake and efficacy of cisplatin were improved using an MSN platform. However, few of these papers looked at the benefits of modifying the MSN material with targeting agents. Targeting groups that enable nanocarriers to target cancer cells efficiently are constantly sought.[@b36-ijn-11-6251]--[@b38-ijn-11-6251] This approach involves the functionalization of nanovehicles with targeting moieties that bind to receptors that are overexpressed on the surface of cancer cells, thereby triggering receptor-mediated endocytosis.[@b36-ijn-11-6251]--[@b39-ijn-11-6251] These systems could enhance the accumulation of chemotherapeutics in cancer cells and lead to higher efficacy and reduced side effects.[@b37-ijn-11-6251]

In this work, we functionalized MSNs with folic acid (FA) to target cancer cells that overexpress folate receptors. The folate receptor is a cell-surface receptor that is considered a promising target for detection and treatment of cancer.[@b40-ijn-11-6251]--[@b42-ijn-11-6251] It is overexpressed in many types of cancer, such as ovarian, cervical, breast, lung, kidney, colorectal, and brain.[@b41-ijn-11-6251] It is known that FA has a high affinity for this receptor, even when it is conjugated to drug-delivery systems.[@b41-ijn-11-6251] MSNs have been previously functionalized with FA for the target-specific delivery of anticancer agents.[@b32-ijn-11-6251],[@b43-ijn-11-6251]--[@b46-ijn-11-6251] These delivery systems have enhanced the toxic effects of different drugs, such as doxorubicin, cisplatin, and pemetrexed, against cancer cells that overexpress FA receptors. However, a thorough investigation on the trafficking and delivery efficiency of cisplatin(IV) prodrug from FA-conjugated MSNs has not been reported. In this study, a cisplatin(IV) prodrug was chemically attached to the inside of the pores of MSNs, which were further decorated with an FA targeting group ([Figure 1](#f1-ijn-11-6251){ref-type="fig"}). We hypothesized that this MSN-based nanocarrier would be able to target cancer cells that overexpress folate receptors, and that the delivery of cisplatin would be triggered by the intracellular reductive environment. The released cisplatin would have the ability to induce DNA adducts, leading to cell death.[@b4-ijn-11-6251] To test this hypothesis, internalization and localization studies in HeLa cancer cells were performed using flow cytometry and confocal microscopy. In addition, the ability of MSNs to escape from endolysosomal compartments was evaluated. Finally, DNA-adduct formation and cytotoxicity studies were performed. Our results indicated that the FA-conjugated MSNs developed in this work can specifically target HeLa cells, which overexpressed FA receptors. In addition, this delivery platform was capable of efficiently delivering cisplatin molecules into the cytosol of HeLa cells, which are further transported to the nucleus, inducing DNA adducts and subsequent cell death.

Materials and methods
=====================

Chemicals
---------

Cetyltrimethylammonium bromide (CTAB), mesitylene, 3-aminopropyl (AP) triethoxysilane (APTES), tetraethyl orthosilicate, cisplatin, hydrogen peroxide solution (11.3% v/v), succinic anhydride, trimethylamine, 3-(triethoxysilyl) propyl isocyanate, ascorbic acid, and FA were purchased from Sigma-Aldrich (St Louis, MO, USA). Polyethylene glycol (PEG; 2K) was purchased from Alfa Aesar (Haverhill, MA, USA). 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide was purchased from Oakwood Products Inc (West Columbia, SC, USA). All the reagents and solvents were used without further purification.

Methods
-------

The hydrodynamic diameter and ζ-potential of the nanoparticles in water were obtained using a particle-size analyzer (Zetasizer Nano; Malvern Instruments, Malvern, UK). The organic content was determined by gravimetric analysis (TGA/SDTA851; Mettler Toledo, Columbus, OH, USA). For this experiment, samples were heated from 25°C to 600°C under nitrogen at a rate of 5°C/min. Particle size and morphology were determined using field-emission scanning electron microscopy (SEM; Raith150, Raith, Dortmund, Germany). The surface area was estimated by the Brunauer--Emmett--Teller (BET) method using a Nova 2200e surface-area and pore-size analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). The amount of cisplatin was quantified using atomic absorption spectrometry (Analyst 200) equipped with a graphite furnace HGA 900 (PerkinElmer, Waltham, MA, USA).

Synthesis of AP-MSNs
--------------------

AP-MSNs were synthesized using a surfactant-template approach previously reported in the literature, with slight modifications.[@b47-ijn-11-6251] Briefly, 100 mg of CTAB (0.274 mmol) were dissolved in 50 mL of nanopure water, followed by the addition of 0.7 mL of mesitylene (5.032 mmol) and 0.35 mL of an NaOH aqueous solution (2 M). This solution was stirred for 1 hour at 80°C. After this period of time, 69.8 μL of 3-APTES (0.298 mmol) and 0.5 mL of tetraethyl orthosilicate (2.256 mmol) were added to the CTAB solution. The mixture was allowed to react for an additional period of 2 hours at 80°C. At the end of the reaction, the MSNs were washed three times with ethanol and the CTAB surfactant removed from the pores by refluxing the nanoparticles in a solution of methanol containing 0.86 M of hydrochloric acid at 60°C overnight. Afterward, the MSNs were washed three times with ethanol and resuspended in the same solvent.

Synthesis and characterization of the cisplatin(IV) prodrug
-----------------------------------------------------------

The cisplatin(IV) prodrug (*cis*,*cis*,*trans*-\[Pt(NH~3~)~2~Cl~2~(O~2~CCH~2~CH~2~CH~2~CO~2~H)~2~\]) was synthesized using a modified procedure.[@b9-ijn-11-6251],[@b11-ijn-11-6251],[@b31-ijn-11-6251] The first step was the oxidation of cisplatin using hydrogen peroxide. First, 100 mg of cisplatin (0.333 mmol) were dissolved in a solution of hydrogen peroxide in water (11.3% v/v). Then, this solution was allowed to react at 70°C for 5 hours under nitrogen atmosphere. Afterward, the product was washed with cold H~2~O, ethanol, and diethyl ether and allowed to dry overnight. Yield: 34.7 wt%. Fourier-transform infrared (IR; cm^−1^): 3,513 (O--H), 3,253 (N--H). Dihydroxycisplatin(IV) (0.372 mmol, 123.6 mg) was reacted with succinic anhydride (1.489 mmol, 148.9 mg) in 4 mL of dimethyl sulfoxide (DMSO) at 70°C overnight. After the reaction time, the product was dried under vacuum and recrystallized in cold acetone. Yield: 62.9 wt%. ^1^H-nuclear magnetic resonance (300 MHz, DMSO-d~6~, ppm): 6.45 (3H, s, NH~3~); 2.34--2.32 (4H, m, CH~2~CH~2~COOH); ^13^C-nuclear magnetic resonance (300 MHz, DMSO-d~6~, ppm): 184.6 (C\[O\]OPt), 179.1 (COOH), 35.7 (PtOC=OCH~2~), 34.7 (CH~2~COOH). Fourier-transform IR (cm^−1^): 3,453 (O--H), 3,263 (N--H).

Synthesis of cisplatin(IV)-MSNs
-------------------------------

To synthesize cisplatin(IV)-loaded MSNs, 100 mg of AP-MSNs were resuspended in 10 mL of DMSO, followed by the addition of 27.3 μL (0.196 mmol) of triethylamine. Then, 5 mL of DMSO solution containing 25 mg of cisplatin prodrug (0.047 mmol) and 9 mg of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide--HCl (0.047 mmol) was added to the AP-MSN suspension. This reaction mixture was stirred for 48 hours at room temperature, after which the cisplatin(IV)-loaded MSNs were washed three times with ethanol and stored in the same solvent. The supernatants obtained from the reaction and each washing solution were used to determine the amount of cisplatin(IV) prodrug loaded into the nanoparticles. The solvent was removed and the solid residue dissolved in 10 mL of HNO~3~ (0.1 M). The Pt content was determined by atomic absorption spectroscopy.

Preparation of FA-cisplatin(IV)-MSNs
------------------------------------

To graft the targeting molecule onto the surface of cisplatin(IV)-MSNs, an FA-PEG-silane derivative was obtained following a multistep reaction. First, FA-PEG-NH~2~ was synthesized following a protocol previously reported in the literature, with slight modifications (see Supplementary materials for details of this synthesis, [Figure S1](#SD1-ijn-11-6251){ref-type="supplementary-material"}).[@b48-ijn-11-6251],[@b49-ijn-11-6251] The FA-PEG-silane derivative was prepared in situ according to the following procedure: 25 mg of FA-PEG-NH~2~ (0.0102 mmol) were dissolved in 0.5 mL of DMSO, followed by the addition of 3.45 μL of triethylamine (0.0247 mmol) and 9.21 μL (0.0372 mmol) of 3-(triethoxysilyl)propyl isocyanate. This mixture was stirred for 4 hours at room temperature. After this period of time, this solution was added to a suspension of cisplatin(IV)-MSNs (50 mg of material redispersed in 15 mL of ethanol), and the reaction mixture was refluxed at 90°C for 24 hours. The resulting material (FA-cisplatin\[IV\]-MSNs) was washed three times with ethanol. As a control, nontargeted cisplatin(IV)-MSNs covered with methoxy-PEG (MeO-PEG) were prepared by mixing 81.5 mg of MeO-PEG silane with 50 mg of cisplatin(IV)-MSNs in 15 mL of ethanol. This solution was refluxed at 90°C overnight and the final material (MeO-cisplatin\[IV\]-MSNs) was washed three times with ethanol. The synthesis and characterization of the MeO-PEG-silane derivative is summarized in the Supplementary materials.

Reduction of cisplatin(IV) prodrug to cisplatin
-----------------------------------------------

Electrospray ionization (ESI) mass-spectrometry studies were performed to confirm the release of cisplatin through the reduction of the cisplatin(IV)-MSNs in solution. Cisplatin has the ability to covalently bind to guanosine and form the *cis*-Pt\[(NH~3~)~2~Cl(guanosine)\]^+^ complex.[@b50-ijn-11-6251] The presence of this cationic compound (m/z =547.1) in the ESI mass spectrum is used as a marker to confirm the delivery of cisplatin from cisplatin(IV) nanocarriers under reductive conditions.[@b50-ijn-11-6251] Ascorbic acid is a reducing agent found in the intracellular environment of cancer cells, and it is known to reduce cisplatin(IV) complexes to cisplatin. For this experiment, 2 mL of an aqueous solution containing 17 mM of ascorbic acid, 0.62 mM of guanosine, and 2 mg/mL of FA-cisplatin(IV)-MsNs was stirred at 37°C for 24 hours. The solution was filtered and the sample analyzed using an MSQ Plus ESI mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). A control sample treated at the same conditions in the absence of ascorbic acid was also analyzed.

Cell culture
------------

HeLa cells were obtained from the American Type Culture Collection, and were cultured in Roswell Park Memorial Institute (RPMI) medium supplemented with 10% fetal bovine serum, 1% penicillin, and 1% streptomycin. Cells were maintained at 37°C and 5% CO~2~. Passages were performed when cells reached 70%--75% confluence. For all in vitro experiments, cells were cultured in free FA RPMI medium 24 hours before the experiment to avoid supersaturation of the folate receptor by the free FA present in the regular cell medium.

Internalization and localization of FA-cisplatin(IV)-MSNs
---------------------------------------------------------

For internalization and localization studies, AP-MSNs were labeled with fluorescein isothiocyanate (FITC), as previously reported.[@b47-ijn-11-6251] Briefly, an FITC-silane molecule was prepared by stirring FITC (5 mg, 0.0128 mmol) with 3 μL of APTES (0.0128 mmol) in 200 μL of acetonitrile for 30 minutes at room temperature. The resulting FITC-silane derivative was added into a stirring CTAB (100 mg, 0.274 mmol) solution in water (50 mL) containing 69.8 μL of APTES (0.298 mmol) and 0.5 mL of tetraethyl orthosilicate (2.256 mmol). This reaction mixture was allowed to react for 2 hours at 80°C. The CTAB surfactant was removed from the pores of the nanoparticles as previously described. FITC-labeled MSNs (FITC-MSNs) were functionalized with FA-PEG-silane (FA-FITC-MSNs) or MeO-PEG-silane (MeO-FITC-MSNs) following the procedure described previously. To measure the internalization in HeLa cells, 2×10^5^ cells were seeded in six-well plates and allowed to adhere overnight. These cells were incubated with 100 μg/mL of FA-FITC-MSNs or MeO-FITC-MSNs for 6 hours. After this incubation period, cells were washed twice with warm RPMI medium, trypsinized, resuspended in a phosphate-buffered saline (PBS) solution containing 0.11% trypan blue, and analyzed using flow cytometry (BD LSRFortessa). The 0.11% trypan blue solution quenched the fluorescence of nanoparticles adsorbed on the cellular membrane, allowing only the quantification of internalized nanoparticles. Results are shown as normalized mean fluorescence intensity (MFI). (MFI~treated~ − MFI~control~)/MFI~control~·MFI~treated~ represents the MFI of samples treated with 100 μg/mL of nanoparticles (FA-FITC-MSNs or MeO-FITC-MSNs), and MFI~control~ represents the MFI of untreated cells. Localization studies were carried out using confocal microscopy. A total of 20,000 cells were seeded in eight-well chamber slides and incubated overnight. Cells were exposed to 100 μg/mL of nanoparticles for 6 hour, washed twice with RPMI medium, and stained using a NucBlue^®^ Live cell-staining 4′,6-diamidino-2-phenylindole solution for 20 minutes at room temperature. Samples were washed twice with PBS and images taken using a confocal microscopy (Olympus FluoView FV1000) with a 60× water-immersion objective.

Endolysosomal escape of MSNs
----------------------------

A total of 20,000 cells were seeded in eight-chamber slides and allowed to adhere overnight. After exposure to 100 μg/mL of FA-FITC-MSNs for 30 minutes, 1 hour, or 3 hours; cells were washed twice with warm RPMI medium and the endolysosomal compartments stained using RPMI medium containing 500 nM of LysoTracker Red for 30 minutes at 37°C. Afterward, cells were washed twice with PBS and images obtained using the Olympus Fluoview confocal microscope. Nanoparticles that were not able to escape from the endolysosome compartments are shown as yellow, because of the overlapping of red and green images.

Detection of cisplatin adducts
------------------------------

The ability of FA-cisplatin(IV)-MSNs to form DNA adducts was evaluated using a modified antibody, which has a specific affinity for the adduct formed between cisplatin and DNA.[@b8-ijn-11-6251],[@b51-ijn-11-6251]--[@b53-ijn-11-6251] For controls, the cisplatin(IV) prodrug, MeO-cisplatin(IV)-MSNs, and cisplatin were also studied. To compare the formation of cisplatin adducts between the experimental group and controls at the same conditions, the experiment was performed at a specific concentration of platinum (6.5 μM). A total of 2×10^5^ cells were seeded in a six-well plate and allowed to adhere for 24 hours. After this period, cells were incubated with a solution of RPMI (FA free) medium containing 6.5 μM of platinum for 24 hours. Then, the solution was removed and the cells washed twice with PBS, trypsinized, and fixed in 70% ethanol at 4°C for 2 hours. Samples were washed with PBS and incubated with a 1:125 dilution of the anticisplatin-modified DNA antibody (Abcam, Cambridge, UK) in PBS containing 100 mg/mL of digitonin at 4°C overnight. Cells were washed twice with PBS, resuspended in a 1:200 dilution of a goat antirat IgG (H+L) secondary antibody (Abcam), and incubated for 2 hours at 4°C. Afterward, cells were washed twice with PBS, resuspended in PBS, and analyzed using flow cytometry. The MFI is proportional to the number of adducts formed in the DNA.

Cell cytotoxicity
-----------------

To allow a valid comparison between groups, concentrations of platinum were used, rather than molar concentrations of the compounds or complexes. A total of 5×10^3^ cells were seeded per well onto a 96-well plate and incubated for 24 hours. After this period of time, cells were exposed to varying concentrations of platinum (0.5--65 μM) for 48 hours. Then, cells were washed twice with PBS buffer and incubated for an additional 24 hours. After this incubation period, cytotoxicity measurements were performed in a spectrophotometer at 450 nm using a CellTiter 96^®^ aqueous assay.

Statistical analysis
--------------------

Unless otherwise specified, the sample size was n=3. Statistical analyses were conducted using Student's *t*-test (two-tailed distribution, two samples with unequal variances). Differences were considered significant at *P*\<0.05.

Results and discussion
======================

Preparation and characterization of FA-cisplatin(IV)-MSNs
---------------------------------------------------------

FA-cisplatin(IV)-MSNs were prepared by a multistep procedure that involved the synthesis and functionalization of MSNs with cisplatin(IV) prodrug and with FA-PEG as targeting agent ([Figure 1](#f1-ijn-11-6251){ref-type="fig"}). To synthesize the AP-MSNs, a co-condesation reaction in the presence of APTES mediated by CTAB as the surfactant template was followed.[@b47-ijn-11-6251] The structural properties of the MSN materials were determined by dynamic light scattering, ζ-potential, SEM, and N~2~ sorption isotherms. MSNs were fabricated with diameters of 146.6±26.9 nm, according to SEM images ([Figure 2](#f2-ijn-11-6251){ref-type="fig"}). The hydrodynamic diameter of these nanoparticles, as determined by dynamic light scattering, was \~272 nm ([Table 1](#t1-ijn-11-6251){ref-type="table"} and [Figure 2](#f2-ijn-11-6251){ref-type="fig"}). The ζ-potential was 34.4 mV, indicating the presence of the amine groups from APTES, which are protonated. The surface area of the MSNs was 766.1 m^2^/g, based on the BET analysis of the N~2~ sorption isotherm ([Figure 2](#f2-ijn-11-6251){ref-type="fig"}). Next, the cisplatin(IV) prodrug was covalently conjugated to the amine groups on the interior surface of AP-MSNs through coupling chemistry mediated by EDC as the coupling agent. An increase in the organic content of 3.2 wt% in cisplatin(IV)-MSNs was observed in comparison to AP-MSNs, due to the presence of cisplatin(IV) prodrug. Additionally, BET analysis showed a decrease in surface area from 766.1 to 523.4 m^2^/g, indicating that cisplatin prodrug molecules were able to fill the channels of the AP-MSNs ([Table 1](#t1-ijn-11-6251){ref-type="table"} and [Figure 2](#f2-ijn-11-6251){ref-type="fig"}). Moreover, the ζ-potential decreased from 34.4 to −1 mV, due to the presence of negatively charged carboxylate groups from the cisplatin prodrug. These results confirm the successful conjugation of the cisplatin(IV) prodrug to the MSN particles. The amount of cisplatin(IV) prodrug attached to MSNs was 0.178 μmol per mg of MSNs, as determined by atomic absorption spectroscopy.

To render biocompatibility and targeting abilities to the cisplatin(IV)-MSN system, an FA-PEG-silane derivative was grafted onto the surface of the cisplatin(IV)-MSNs. As expected, FA-cisplatin(IV)-MSNs showed an increase in the organic content (7 wt%) compared with cisplatin(IV)-MSNs, due to the presence of FA-PEG chains. Because of the carboxylate group present in the FA molecule, the ζ-potential of FA-cisplatin(IV)-MSNs (−11 mV) further decreased compared to cisplatin(IV)-MSNs (−1 mV). The hydrodynamic diameter of the targeted nanoparticles was not significantly affected by the addition of the targeting molecule (216.1 nm). A dramatic decrease in the surface area from 523.4 to 367 m^2^/g was also observed after functionalization of cisplatin(IV)-MSNs with FA-PEG-silane. The changes to the structural properties of FA-cisplatin(IV)-MSNs, compared with cisplatin(IV)-MSNs, suggest that MSNs were successfully decorated with FA-PEG-silane molecules. A control MSN sample, MeO-cisplatin(IV)-MSN, which lacked only the targeting agent FA, was also synthesized and characterized ([Table 1](#t1-ijn-11-6251){ref-type="table"}). The structural properties of MeO-cisplatin(IV)-MSNs were similar to those obtained for the FA-cisplatin(IV)-MSNs with the exception of the ζ-potential, which was still more neutral (−2.6 mV), due to the absence of the additional carboxylate groups from FA.

Reduction of cisplatin(IV) prodrug to cisplatin(II)
---------------------------------------------------

To induce an antineoplastic effect, cisplatin must be released from the FA-cisplatin(IV)-MSNs upon reduction. Glutathione and ascorbic acid are reducing agents present in the intracellular environment of cancer cells that have the ability to reduce cisplatin(IV) complexes to cisplatin.[@b12-ijn-11-6251],[@b31-ijn-11-6251] Because this anticancer drug binds covalently to guanosine to form the cationic adduct *cis*-Pt\[(NH~3~)~2~Cl(guanosine)\]^+^, ESI mass-spectrometry studies can be used to confirm the reduction of cisplatin(IV) prodrug-delivery systems and the release of the active drug cisplatin.[@b50-ijn-11-6251] FA-cisplatin(IV)-MSNs were incubated with an aqueous solution containing ascorbic acid (17 mM) and guanosine (0.62 mM) for 24 hours at 37°C. The ESI mass spectrum revealed the presence of a characteristic peak for the cationic guanosine adduct (m/z =547.1, [Figure 3A](#f3-ijn-11-6251){ref-type="fig"}), indicating the successful release of cisplatin from this system under reductive conditions. On the contrary, in the absence of ascorbic acid, the guanosine--cisplatin complex was not observed ([Figure 3B](#f3-ijn-11-6251){ref-type="fig"}). These results suggest that upon cellular internalization, this redox-responsive system will be reduced to cisplatin by the reductive environment found in the cytosol of cancer cells.

Internalization and localization of FA-MSNs
-------------------------------------------

Because the cytosol of cancer cells provides a highly reductive environment, the internalization of nanocarriers containing Pt(IV) prodrugs is of vital importance to release the active drug cisplatin.[@b12-ijn-11-6251],[@b31-ijn-11-6251],[@b50-ijn-11-6251] To evaluate the targeting abilities of the FA-conjugated-MSN platform developed in this work, internalization and localization studies were carried out using FITC-labeled MSNs. HeLa cells, which overexpress the folate receptor, were used for both studies.[@b41-ijn-11-6251],[@b43-ijn-11-6251]--[@b45-ijn-11-6251] After exposing the cells to FA-FITC-MSNs or MeO-FITC-MSNs for 6 hours, the MFI produced by internalized nanoparticles and confocal images was obtained by flow cytometry and confocal microscopy, respectively. As expected, the results from flow cytometry indicated that HeLa cells engulfed FA-FITC-MSNs to a higher extent than MeO-FITC-MSNs (*P*\<0.05) ([Figure 4](#f4-ijn-11-6251){ref-type="fig"}). Furthermore, confocal images confirmed that a significant number of FA-FITC-MSNs were present in the cytosol ([Figure 5A--D](#f5-ijn-11-6251){ref-type="fig"}); meanwhile, some of the MeO-FITC-MSNs were attached to the cellular membrane, but only a very small number of these nanoparticles were localized in the cytosol ([Figure 5E--H](#f5-ijn-11-6251){ref-type="fig"}). Moreover, to prove the role of folate receptors in the uptake of FA-FITC-MSN material, we performed a control experiment using different concentrations of free FA molecules to block the folate receptors present on the surface of HeLa cells ([Figure S2](#SD2-ijn-11-6251){ref-type="supplementary-material"}). The results clearly showed that the FA-decorated MSNs were internalized by the folate receptor-mediated endocytosis pathway. These results confirm that FA can be successfully used as a targeting molecule to enhance the intracellular accumulation of FA-FITC-MSN material in those cells overexpressing the folate receptor.[@b43-ijn-11-6251]--[@b46-ijn-11-6251]

Endolysosomal escape of FA-FITC-MSNs
------------------------------------

Nanovehicles that are functionalized with FA enter the cell mainly by a folate receptor-mediated endocytosis mechanism.[@b41-ijn-11-6251] After internalization, these delivery vehicles are usually trafficked through the endolysosomal pathway, where they often get trapped in the endolysosomal compartments and are prevented from delivering the cargo into the cytosol.[@b54-ijn-11-6251] The escape of FA-cisplatin(IV)-MSNs from endolysosomal compartments is crucial for the reduction of the prodrug and release of cisplatin into the cytoplasm.

To determine whether internalized FA-targeted MSNs had the ability to escape from endolysosomal vesicles, microscopic studies were performed using FITC-tagged MSNs ([Figure 6](#f6-ijn-11-6251){ref-type="fig"}). Cells were incubated with FA-FITC-MSNs for different periods: 30 minutes ([Figure 6A--D](#f6-ijn-11-6251){ref-type="fig"}), 1 hour ([Figure 6E--H](#f6-ijn-11-6251){ref-type="fig"}), or 3 hours ([Figure 6I--L](#f6-ijn-11-6251){ref-type="fig"}). The colocalization of LysoTracker-Red with the green fluorescence exhibited by FA-FITC-MSNs, which resulted in yellow fluorescence, was studied as an indicator of FA-FITC-MSN entrapment into the lysosomal compartments.[@b39-ijn-11-6251],[@b47-ijn-11-6251] The results indicated that the escape of FA-FITC-MSN particles from lysosomal compartments was time-dependent. After 30 minutes of incubation, FA-FITC-MSNs were mainly localized inside the lysosomal compartments, as demonstrated by the appearance of yellow fluorescence ([Figure 6A--D](#f6-ijn-11-6251){ref-type="fig"}). However, after 1 hour of incubation, the presence of green fluorescence in the cytosol of HeLa cells was evident, indicating that some of the FA-FITC-MSNs were able to escape from lysosomes ([Figure 6E--H](#f6-ijn-11-6251){ref-type="fig"}). Finally, after 3 hours of incubation, a significant increase in green fluorescence in the cytosol of HeLa cells was observed, indicating that most of the endocytosed FA-FITC-MSNs escaped from lysosomes ([Figure 6I--L](#f6-ijn-11-6251){ref-type="fig"}). Nevertheless, some of the MSN particles were still trapped in the lysosomal compartments, as indicated by some yellow spots in the confocal images.

These results led us to conclude that after internalization, FA-conjugated-MSNs are able to escape from those compartments and successfully deliver the cisplatin drug upon reduction in the cytosolic environment. The released cisplatin could be capable of traveling to the cell nucleus and forming DNA adducts. The mechanism by which FA-FITC-MSN material escapes from lysosomal compartments was not studied in this work; however, it has been reported that MSNs functionalized with amine groups can escape from endolysosomal compartments following the proton-sponge effect.[@b47-ijn-11-6251],[@b54-ijn-11-6251]

Cisplatin--DNA adducts
----------------------

Cisplatin exerts its antitumor activity by forming DNA adducts, especially the 1,2-guanine--guanine intrastrand cross-link (1,2-d\[GpG\]), which activates different signal-transduction pathways that lead to cell death.[@b52-ijn-11-6251] To evaluate the efficacy of cisplatin released from FA-cisplatin(IV)-MSNs, the detection of 1,2-d(GpG) intrastrand adducts was evaluated. These results were compared to DNA adducts induced by free cisplatin(IV) prodrug, MeO-cisplatin(IV)-MSNs, and free cisplatin. To obtain a valid comparison, platinum concentration was used instead of cisplatin or cisplatin(IV) prodrug concentration. Cells were exposed to 6.5 μM of platinum for 24 hours, and anti-intrastrand adduct fluorescence was determined by flow cytometry. DNA-adduct formation is related to an increase in anti-intrastrand adduct fluorescence compared to untreated cells.[@b8-ijn-11-6251] Cells treated with free cisplatin(IV) prodrug did not show formation of DNA adducts, as shown in [Figure 7](#f7-ijn-11-6251){ref-type="fig"}. No statistically significant difference between untreated HeLa cells and cisplatin(IV) prodrug treated HeLa cells was observed. This may be attributed to the fact that the diffusion of Pt(IV) prodrugs through the cellular membrane is limited, due to the axial ligands present in Pt(IV) complexes.[@b4-ijn-11-6251],[@b31-ijn-11-6251] Samples exposed to MeO-cisplatin(IV)-MSNs had a slight increase in anti-intrastrand adduct fluorescence compared to untreated cells (*P*\<0.05). These data are in agreement with internalization studies, which indicated that only a small number of MeO-FITC-MSNs were taken up and present in the cytosol of HeLa cells ([Figures 4](#f4-ijn-11-6251){ref-type="fig"} and [5](#f5-ijn-11-6251){ref-type="fig"}).

These results suggest that the quantity of MeO-cisplatin(IV)-MSNs endocytosed was not enough to deliver a sufficient dose of cisplatin capable of inducing significant DNA adducts. Interestingly, when cells were treated with FA-cisplatin(IV)-MSNs, the cisplatin released from this system was capable of intercalating in the DNA, forming adducts ([Figure 7](#f7-ijn-11-6251){ref-type="fig"}). No statistically significant difference between cisplatin-treated cells and FA-cisplatin(IV)-MSN-treated cells was observed (*P*\>0.05), which indicates that the efficacy of the platform developed in this work is comparable with that obtained using the free drug. These results confirm that the FA-cisplatin(IV)-MSN carrier can successfully transport and release cisplatin in the cytosol of HeLa cells with therapeutically adequate amounts to afford the formation of DNA adducts.

Cell viability
--------------

Cytotoxicity studies in HeLa cells were carried out to further validate the anticancer activity of cisplatin released from FA-cisplatin(IV)-MSNs. For this experiment, platinum concentrations were used to allow a sound comparison between the experimental group and the controls. HeLa cells were exposed to varying concentrations of platinum for 48 hours. Afterward, samples were incubated for an additional 24 hours, after which the CellTiter assay was used to evaluate the viability ratio. HeLa cells treated with cisplatin(IV) prodrug and MeO-cisplatin(IV)-MSNs did not show a decrease in cell viability in any of the cisplatin ranges assessed. These results are consistent with the internalization and DNA adduct-formation results, which indicated that the amount of cisplatin(IV) prodrug or MeO-cisplatin(IV)-MSNs engulfed by HeLa cells was not sufficient to deliver lethal doses of cisplatin ([Figures 7](#f7-ijn-11-6251){ref-type="fig"} and [8](#f8-ijn-11-6251){ref-type="fig"}). However, cell death was evident when samples were exposed to FA-cisplatin(IV)-MSNs ([Figure 8](#f8-ijn-11-6251){ref-type="fig"}), which agrees with observations from the internalization and DNA adduct-formation experiments. However, the efficacy of cisplatin (half-maximal inhibitory concentration 7 μM) was slightly higher than FA-cisplatin(IV)-MSNs (half-maximal inhibitory concentration 10 μM). We hypothesize that this difference in efficacy is due to the inability of some nanoparticles to escape from the endolysosome compartments, which will have an impact on the intracellular concentration of cisplatin. Overall, our results suggest that the target-specific MSN-based delivery vehicle developed in this work had the ability to target HeLa cancer cells and release a dose of cisplatin that was capable of inducing cell death almost as effectively as free cisplatin.

Conclusion
==========

Our work demonstrated that FA-cisplatin(IV)-MSNs were able to complete the pathway of targeted delivery of cisplatin with a toxic effect comparable to that exhibited by free cisplatin. Results showed that the targeted nanovehicle was internalized by HeLa cells through the folate receptor-mediated endocytosis pathway and then escaped from the endolysosomal compartments into the cytosol. Cisplatin released upon reduction in the cytosol was able to reach the nuclear DNA, eventually forming adducts and inducing cell death. Although the efficacy of this drug-delivery system was not higher than that of free cisplatin, the side effects are likely to be significantly decreased using FA-cisplatin(IV)-MSNs. We believe that inducing endolysosomal membrane permeabilization could enhance the effectiveness of this nanocarrier. This will allow the release of internalized nanoparticles into the cytosol, which would increase the intracellular concentration of cisplatin. Future studies will be focused on exploring combinations of FA-cisplatin(IV)-MSNs with drugs or with other treatments that could disrupt the membrane of the endolysosomal vesicles.

Supplementary materials
=======================

Synthesis of FA-PEG~2K~-NH~2~
-----------------------------

The synthesis of folic acid (FA)--polyethylene glycol (PEG)~2K~-NH~2~ was carried out through a multistep approach ([Figure S1](#SD1-ijn-11-6251){ref-type="supplementary-material"}). First, diamino-PEG~2K~ was synthesized and reacted with folate-NHS. To synthesize diazido-PEG~2K~, 2 g of PEG (1 mmol) was dried under vacuum overnight. The following day, the dried PEG was combined with 1.62 mL of methanesulfonyl chloride (21 mmol) in anhydrous tetrahydrofuran (THF; 10 mL) at 70°C. The mixture was then stirred in an ice bath under N~2~ atmosphere, followed by the addition of a solution of 3.06 mL of diisopropylethylamine (17.6 mmol) in THF (10 mL) dropwise over 30 minutes. Thereafter, the solution was stirred for 1 hour, followed by removal of the reaction flask from the ice bath. The mixture was stirred overnight at room temperature. The newly formed solid was dissolved by the addition of cold H~2~O (10 mL) in an ice bath. Next, 1 N sodium bicarbonate (2 mL) and 1.5 g sodium azide (23.1 mmol) were added to the solution. THF was removed from the mixture using rotatory evaporation, and the aqueous phase was refluxed at 100°C for 24 hours with stirring. The product was obtained after extraction with dichloromethane (5×15 mL), followed by washing steps with brine (5×15 mL) and removal of excess water in the presence of magnesium sulfate. Dichloromethane was removed by rotary evaporation to afford the final product, diazido-PEG~2K~, as a solid white compound (2.1 g, 84%). The product was dried under high vacuum and stored at −20°C. The diazido-PEG~2K~ polymer was confirmed by the stretching vibration of the azido group in infrared (IR; 2,110 cm^−1^). The shift of methylene protons suggested a successful synthesis of PEG-N~3~ from PEG. The ethylene carbons also showed a shift from the starting material -- PEG. IR values were 1,102 cm^−1^ (C--O) and 2,110 cm^−1^ (azide), and ^1^H-nuclear magnetic resonance (NMR; 300 MHz, CDCl~3~) values were δ~H~, ppm (t, 4H, 3.32--3.42), (m, 168H, 3.54--3.76).

To synthesize diamino-PEG~2K~, 1.36 g of diazido-PEG~2K~ (680 μmol) was combined with 2.1 g triphenylphosphine (8 mmol) in anhydrous THF (10 mL). This solution was stirred under N~2~ atmosphere at room temperature overnight. After that, H~2~O (510 μL) was added and the mixture again stirred overnight. THF was removed by rotary evaporation, and water (17 mL) was added. A white solid was formed (triphenylphosphine oxide) immediately after the addition of H~2~O. The solid and H~2~O were removed by gravity filtration and rotary evaporation, respectively. Finally, a yellowish solid (1.3 g, 98%) corresponding to diamino-PEG~2K~ was dried under high vacuum and stored at −20°C. The diamino-PEG~2K~ product was confirmed by the disappearance of the stretching vibration for the azido group in the IR and the chemical shift of methylene protons close to the amine groups at 2.91--2.97 ppm: IR 1,102 cm^−1^ (C--O); ^1^H-NMR (300 MHz; d~4~-methanol) δ~H~, ppm (t, 4H, 2.91--2.97), (m, 168H, 3.54--3.76).

To synthesize FA-succinimide ester (SE), 1.5 g of FA (3.4 mmol) was combined with 978 mg of *N*-hydroxysuccinimide (NHS; 8.5 mmol), 622 mg of 4-dimethylaminopyridine (5.1 mmol), and 1.3 g of *N*-(3-dimethylaminopropyl)-*N*′-ethylcarbodiimide hydrochloride (EDC; 6.8 mmol) in anhydrous dimethyl sulfoxide (DMSO; 50 mL). The solution was stirred for 48 hours at room temperature. The succinimide ester derivative was dried using a lyophilizer. The final product, a yellow solid, was stored at −20°C. The partial esterification of FA was confirmed by the appearance of the succinimide group in the IR. The appearance of the ethylene protons in the ^1^H-NMR provided evidence for the presence of SE. IR: 1,688 cm^−1^ (FA), 1,718 cm^−1^ (ester), 1,782 cm^−1^ (NHS), 1,820 cm^−1^ (NHS); ^1^H-NMR (300 MHz, d~6~-DMSO): δ~H~, ppm (m, 2H, 1.85--2.12), (t, 2H, 2.28--2.34), (s broad, 4H, 2.79), (m, 1H, 4.31--4.35), (d, 2H, 4.47--4.49), (d, 2H, 6.62--6.65), (t, 1H, 6.92--6.96), (d, 2H, 7.63--7.66), (d, 1H, 8.12--8.14), (s broad, 1H, 8.65).

To synthesize FA-PEG~2K~-NH~2~, 432 mg of diamino-PEG~2K~ (216 μmol) was combined with 175 mg FA-SE (325 μmol) in DMSO (20 mL). The mixture was stirred for 48 hours at room temperature. The material was purified by dialysis with water for 7 days, changing the water twice per day (Slide-A-Lyzer™ dialysis cassette; molecular weight cutoff 2,000). The dialyzed solution was dried using the lyophilizer. The final product, a yellow solid, was stored at −20°C. The product was confirmed by the appearance of an amide bond in the IR compared to the starting FA material. The target molecule was purified using dialysis, and the monosubstitution was visualized using ^1^H-NMR. The integration for the polymer, PEG, and the FA protons suggested a monosubstituted product was obtained after dialysis. Yield: 105 mg, 20%; IR: 1,101 cm^−1^ (C--O), 1,644 cm^−1^ (amide), 1,686 cm^−1^ (FA); ^1^H-NMR (300 MHz, d~6~-DMSO): δ~H~, ppm (m, 2H, 1.85--2.12), (t, 2H, 2.28--2.34), (m, 90H, 3.54--3.78), (m, 1H, 4.31--4.35), (d, 2H, 4.47--4.49), (d, 2H, 6.62--6.65), (t, 1H, 6.92--6.96), (d, 2H, 7.63--7.66), (d, 1H, 8.12--8.14), (s broad, 1H, 8.65); ^13^C-NMR (500 MHz; D~2~O): δ~C~ 28.56, 32.74, 34.4, 39.1, 45.81, 51.99, 69.36, 112.55, 121.9, 127.58, 129.1, 148.81, 150.82, 156, 162, 169.66, 175.71.

Synthesis of MeO-PEG~2K~-silane
-------------------------------

To synthesize methoxy (MeO)-PEG~2K~--silane, 302.2 mg (0.15 mmol) of MeO-PEG~2K~ were dried at 90°C overnight. The dehydrated MeO-PEG~2K~ was dissolved in 10 mL of dichloromethane, the solution was placed in an ice bath, and 40.4 μL of 3-(triethoxysilyl)propyl isocyanate was added. The solution was stirred overnight. After this period of time, the product was concentrated by rotary evaporation and dried in a vacuum. ^1^H-NMR (300 MHz): δ (t, 2H, 0.85), (t, 9H, 1.23), (m, 2H, 1.26), (t, 2H, 2.69), (s, 3H, 3.3), (q, 6H, 3.4), (m, 164H, 3.63--3.68); ^13^C-NMR (75 MHz,): δ 13.1, 29.76, 53.52, 59.55, 68.81, 70.89, 157.44.

Mechanism of FA-FITC-MSN uptake
-------------------------------

HeLa cancer cells were incubated with media containing 100 mg/L or 500 mg/L of free folic acid for 24 hours and exposed to 50 μg/mL of FA--fluorescein isothiocyanate (FITC)--mesoporous silica nanoparticles (MSNs) or MeO-FITC-MSNs for 4 hours. After this incubation period, cells were washed twice with warm Roswell Park Memorial Institute medium, trypsinized, resuspended in a phosphate-buffered saline solution containing 0.11% of trypan blue, and analyzed using BD LSRFortessa flow cytometry. Results are shown as normalized mean fluorescence intensity (MFI~treated~ − MFI~control~)/MFI~control~·MFI~treated~ represents the mean fluorescence intensity of samples treated with 50 μg/mL of nanoparticles (FA-FITC-MSNs or MeO-FITC-MSNs), and MFI~control~ represents the mean fluorescence intensity of untreated cells. The results showed that the internalization of FA-FITC-MSNs was inhibited by the presence of free FA molecules ([Figure S2](#SD2-ijn-11-6251){ref-type="supplementary-material"}), which confirmed that FA-FITC-MSNs were internalized by folate receptor-mediated endocytosis.

###### 

Schematic representation of the synthesis of FA-PEG-NH~2~.

**Notes:** To convert the alcohol group in the PEG~2K~ chain to amine group, the polymer was reacted with MsCl in anhydrous THF to afford a good leaving group. The PEG mesylate derivative was reacted with NaN~3~, a strong nucleophile, to afford the azido-PEG product. To convert the diazido-PEG~2K~ derivative to the corresponding diamino-PEG~2K~, a mild reduction was carried out by following Staudinger reaction conditions. The diazido-PEG~2K~ chain was reacted with PPh~3~ in anhydrous THF to generate the corresponding iminophosphorane. An aqueous workup led to the desired diamino-PEG~2K~ derivative and the very stable phosphine oxide as by-product. The diamino-PEG polymer was further reacted with FA to afford the FA-PEG-NH~2~ targeting ligand. Firstly, the carboxylic acid group in the FA molecule was activated by using a coupling reaction in the presence of EDC and NHS. The succinimide ester derivative enhanced the reactivity of the FA toward nucleophilic substitution by amines.

**Abbreviations:** FA, folic acid; PEG, polyethylene glycol; THF, tetrahydrofuran; EDC, *N*-(3-dimethylaminopropyl)-*N*′-ethylcarbodiimide hydrochloride; NHS, *N*-hydroxysuccinimide; DIPEA, diisopropylethylamine; DMAP, dimethylaminopyridine; DMSO, dimethyl sulfoxide.

###### 

Internalization results by flow cytometry.

**Notes:** HeLa cancer cells were incubated with media containing 100 mg/L or 500 mg/L of free FA for 24 hours and exposed to 50 μg/mL of FA-FITC-MSNs or MeO-FITC-MSNs for 4 hours. Then, normalized mean fluorescence was obtained. Error bars represent the standard deviation of three independent experiments.

**Abbreviations:** FA, folic acid; FITC, fluorescein isothiocyanate; MSNs, mesoporous silica nanoparticles; MeO, methoxy.
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![Schematic representation of the FA-conjugated cisplatin(IV) prodrug MSN platform developed in this work.\
**Notes:** The MSN-delivery system contains cisplatin(IV) prodrug chemically attached to the surface of the nanoparticle and is decorated with FA-PEG-NH~2~ that targets FA receptors overexpressed in HeLa cancer cells. The FA-conjugated-cisplatin(IV) prodrug MSNs are internalized through a receptor-mediated endocytosis mechanism, escape from lysosomes, and release the cisplatin, due to the highly reducing environment found in the cytosol of cancer cells. The released cisplatin travels to the cell nucleus to form DNA adducts, which triggers apoptosis.\
**Abbreviations:** FA, folic acid; MSN, mesoporous silica nanoparticle; PEG, polyethylene glycol.](ijn-11-6251Fig1){#f1-ijn-11-6251}

![Structural properties of MSN materials.\
**Notes:** (**A**) Nitrogen sorption isotherm of AP-MSNs; (**B**) nitrogen sorption isotherm of cisplatin(IV)-MSNs; (**C**) volume-weighted hydrodynamic diameter distributions of MSN material; (**D**) SEM image of AP-MSNs.\
**Abbreviations:** AP, aminopropyl; MSNs, mesoporous silica nanoparticles; SEM, scanning electron microscopy; FA, folic acid; MeO, methoxy.](ijn-11-6251Fig2){#f2-ijn-11-6251}

![ESI mass spectra for the reduction of FA-cisplatin(IV)-MSNs to cisplatin.\
**Notes:** FA-cisplatin(IV)-MSNs were incubated in the presence (**A**) or absence (**B**) of ascorbic acid in an aqueous solution containing guanosine for 24 hours at 37°C. Then, the formation of the *cis*-Pt\[(NH~3~)~2~Cl(guanosine)\]^+^ cation (m/z =547.1) was determined by ESI mass spectrometry. **Abbreviations:** ESI, electrospray ionization; FA, folic acid; MSNs, mesoporous silica nanoparticles.](ijn-11-6251Fig3){#f3-ijn-11-6251}

![Internalization results by flow cytometry.\
**Notes:** HeLa cancer cells were exposed to 100 μg/mL of FA-FITC-MSNs or MeO-FITC-MSNs for 6 hours. Then, normalized mean fluorescence was obtained. Error bars represent the standard deviation of three independent experiments.\
**Abbreviations:** FA, folic acid; FITC, fluorescein isothiocyanate; MSNs, mesoporous silica nanoparticles; MeO, methoxy.](ijn-11-6251Fig4){#f4-ijn-11-6251}

![Localization of FA-FITC-MSNs or MeO-FITC-MSNs in HeLa cancer cells.\
**Notes:** Cells were exposed to 100 μg/mL of MSN materials for 6 hours. (**A**, **E**) Nucleus (blue); (**B**, **F**) FITC-MSNs (green); (**C**, **G**) DIC; (**D**, **H**) merged. Scale bars represent 5 μm.\
**Abbreviations:** FA, folic acid; FITC, fluorescein isothiocyanate; MSNs, mesoporous silica nanoparticles; MeO, methoxy; DIC, differential interference contrast.](ijn-11-6251Fig5){#f5-ijn-11-6251}

![Escape of FA-FITC-MSNs from endolysosome compartments.\
**Notes:** HeLa cells were treated with 100 μg/mL of FA-FITC-MSNs for 30 minutes, 1 hour, or 3 hours. (**A**, **E**, **I**) Nanoparticles (green); (**B**, **F**, **J**) endolysosome compartments (red); (**C**, **G**, **K**) DIC; (**D**, **H**, **L**) merged, overlapping of red and green (yellow). Scale bars represent 5 μm.\
**Abbreviations:** FA, folic acid; FITC, fluorescein isothiocyanate; MSNs, mesoporous silica nanoparticles; DIC, differential interference contrast.](ijn-11-6251Fig6){#f6-ijn-11-6251}

![Cisplatin-adduct measurement by flow cytometry.\
**Notes:** HeLa cells were exposed to 6.5 μM of platinum for 24 hours, fixed in ethanol, incubated with an anticisplatin-modified DNA antibody and labeled with an antirat FITC-labeled antibody. Error bars represent the standard deviation of five independent experiments.\
**Abbreviations:** FITC, fluorescein isothiocyanate; MeO, methoxy; MSNs, mesoporous silica nanoparticles; FA, folic acid.](ijn-11-6251Fig7){#f7-ijn-11-6251}

![Dose--response curve.\
**Notes:** HeLa cells were exposed to varying concentrations of platinum for 48 hours. Error bars represent the standard deviation of five independent experiments.\
**Abbreviations:** FA, folic acid; MSNs, mesoporous silica nanoparticles; MeO, methoxy.](ijn-11-6251Fig8){#f8-ijn-11-6251}

###### 

Structural properties of MSN materials synthesized in this work

  Material                 Hydrodynamic diameter (nm)   PDI     ζ-potential (mV)   Organic content (%)   Surface area (m^2^/g)
  ------------------------ ---------------------------- ------- ------------------ --------------------- -----------------------
  MSNs                     272.6                        0.094   +34.4              13.9                  766.1
  Cisplatin(IV)-MSNs       222.2                        0.088   −1.0               17.1                  523.4
  FA-cisplatin(IV)-MSNs    216.1                        0.167   −11.0              24.1                  367.0
  MeO-cisplatin(IV)-MSNs   274.3                        0.310   −2.6               33.3                  390.8

**Abbreviations:** MSN, mesoporous silica nanoparticle; PDI, polydispersity index; FA, folic acid; MeO, methoxy.
